HIV (Okano et al., 1996) , and cytotoxic and antitumor activities Itokawa et al., 1993; Mata-Greenwood et al., 2001; Murakami et al., 2004; . Since the use of bruceantin (Kupchan et al., 1973) in phase II breast cancer and melanoma clinical trials and its subsequent withdrawal due to the concerns about toxicity , studies on the antitumor properties of quassinoids have increased steadily (Okano et al., 1985; Mata-Greenwood et al., 2001; .
Recently, it has been reported that neosergeolide ( Figure 1A) , a quassinoid isolated from Picrolemma sprucei Hook. f. (Simaroubaceae), has significant in vitro antimalarial, larvicide, and cytotoxic properties . Also, neosergeolide nonselectively inhibited cancer cell lines proliferation (SF295 (glioblastoma), MDA-MB435 (melanoma), HCT8 (colon), and HL-60 (leukemia)) as evidenced by quite similar IC 50 values. In the present study, the underlying molecular mechanisms of neosergeolide's antiproliferative activity were evaluated using human promyelocytic leukemia cells (HL-60). The HL-60 cells are extensively used in the examination of the effects of test drugs on cell proliferation, cell cycle, cell differentiation, and apoptosis events Militão et al., 2006) . For comparison, the effect of neosergeolide on the growth of normal cells was evaluated using peripheral blood mononuclear cells (PBMC).
Materials and methods

Drugs and reagents
The procedure used for the isolation of neosergeolide from the roots and stems of P. sprucei was described in a previous publication . Neosergeolide used in this study had purity greater than 98% based on HPLC (DAD/ESI-MS) and NMR analyses. Fetal calf serum and phytohemagglutinin were purchased from Cutilab (Campinas, SP, Brazil) . RPMI 1640 medium, trypsin-EDTA, penicillin, and streptomycin were purchased from GIBCO® (Invitrogen, Carlsbad, CA, USA). Cytochalasin-B (Cyt-B), cyclosporine A (CsA), sulfanilamide, rhodamine 123 (Rho-123), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Doxorubicin (Doxolem®) was purchased from Zodiac Produtos Farmacêuticos S. A. (São Paulo, SP, Brazil) . All other chemicals and reagents were of analytical grade.
Cell cultures
The human promyelocytic leukemia cell line was donated by the National Cancer Institute (Bethesda, MD, USA). Cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin at 37°C with 5% CO 2 . Heparinized blood from healthy, non-smoker donors who had not taken any drug at least 15 days prior to sampling was collected and PBMC were isolated using density-gradient centrifugation over Histopaque-1077. The PBMC were washed and re-suspended in RPMI 1640 medium supplemented with 20% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin at 37°C under a 5% CO 2 atmosphere. Phytohemagglutinin (2%) was added at the start of cultures. After 24 h, cells were treated with the test compounds.
Neosergeolide toxicity to HL-60 cells and PBMC
The cytotoxicity of neosergeolide to HL-60 cells and PBMC was evaluated by the MTT assay (Mosmann, 
Antiproliferative effect (inhibition of BrdU incorporation)
The HL-60 cells were plated in 24-well tissue culture plates (3 × 10 5 cells/mL) and treated with neosergeolide at different concentrations. After 21 h of exposure to sample, 20 µL of BrdU (10 mM) was added to each well and incubated for 3 h at 37°C. To determine the amount of BrdU incorporated into DNA , cells were harvested, transferred to cytospin slides and allowed to dry for 2 h at room temperature. Cells that had incorporated BrdU were labeled by direct peroxidase immunocytochemistry using the chromogen diaminobenzidine (DAB). Slides were counterstained with hematoxylin, mounted, and coverslipped. Determination of BrdU positivity was performed by light microscopy (Olympus, Tokyo, Japan). A total of 200 cells were counted per sample to determine the percentage of BrdU-positive cells. Doxorubicin (0.6 µM) was used as positive control.
Analysis of morphological changes
Untreated or neosergeolide-treated HL-60 cells were examined for morphological changes by light microscopy (Metrimpex Hungary/PZO-Labimex Modelo Studar Lab®). To evaluate morphology, cells were harvested, transferred to cytospin slides, fixed with ethanol for 1 min and stained with May-Grünwald-Giemsa. Doxorubicin (0.6 µM) was used as positive control.
Flow cytometric experiments
Cell membrane integrity
The HL-60 cell membrane integrity was evaluated by the exclusion of propidium iodide (PI) at 50 µg/mL. Aliquots were removed from cultures after 3, 6, 12, and 24 h of incubation. Cell fluorescence was then determined by flow cytometry in a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) using Guava Express Plus software. A total of 5,000 events were evaluated per experiment.
Internucleosomal DNA fragmentation
Aliquots were removed from HL-60 cell cultures after 3, 6, 12, and 24 h of incubation with neosergeolide. Then, the aliquots were incubated at 37°C for 30 min in the dark in a lysis solution containing 0.1% citrate, 0.1% Triton X-100, and 50 µg/mL PI. Cell fluorescence was then determined by flow cytometry in a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) using Guava Express Plus software. The percentage of degraded DNA was determined by the number of cells displaying subdiploid (sub-G o /G 1 ) DNA divided by the total number of cells examined. A total of 5,000 events were evaluated per experiment.
Mitochondrial transmembrane potential (Δψ m )
Mitochondrial depolarization was evaluated after 3, 6, 12, and 24 h of incubation with neosergeolide using the method of incorporation of Rho-123. Rho-123 is a cell-permeable, cationic, fluorescent dye that is readily sequestered by active mitochondria without inducing cytotoxic effects. Briefly, treated and untreated HL-60 cells were centrifuged at 2000 rpm for 5 min and the pellet was re-suspended in 200 µL of a 1 µg/mL solution of Rho-123 for 15 min in the dark. After incubation, cells were centrifuged at 2000 rpm for 5 min. The resulting pellet was re-suspended in 200 µL of phosphate-buffered saline (PBS) and incubated for 30 min in the dark. Fluorescence was measured and percentage of mitochondrial depolarization was determined .
Annexin V/PI and caspases (9, 3, and 7) detection
The Annexin V (AnnV) cytometry assay was used to detect cell population in viable, early and late apoptosis stage. After short exposure time (3 h) or pulse treatment (3 h of neosergeolide exposure following 21 h reincubation period without drug), HL-60 cells were stained with fluorescein isothiocyanate (FITC) conjugated AnnV (Guava Nexin kit, Guava Technologies, Inc., Hayward, CA, USA) and PI (necrotic-cell indicator), and then they were subjected to flow cytometry (Guava EasyCyte Mini). Cells undergoing early and late apoptosis were detected by the emission of the fluorescence from only FITC and, both FITC and PI, respectively. Also, the percentage of cells with active caspases (9, 3, and 7) were estimated by flow cytometry (Guava EasyCyte Mini) using a Guava Caspases 9 and 3/7 FAM Kit (Guava Technologies, Inc., Hayward, CA, USA).
Analysis of mitochondrial permeability transition on neosergeolide-induced cell death
To corroborate the central role of mitochondria in the apoptotic process induced by neosergeolide, cells were pretreated or not for 30 min with CsA at 5 µM (a blocker of mitochondrial permeability transition (MPT)) prior to the neosergeolide exposure and cotreated for 3 h. After exposure time, mitochondrial depolarization, internucleosomal DNA fragmentation, active caspases (9, 3, and 7) detection, and morphological analysis of cell death (AO/EB staining) were performed as described above.
Measurement of intracellular reactive oxygen species
Intracellular reactive oxygen species (ROS) were estimated after treatment with neosergeolide using 2′,7′-dichlorofluorescein diacetate (H 2 DCFDA) as fluorescence probe. The H 2 DCFDA diffuses through the cell membrane readily and is hydrolyzed by intracellular esterases to non-fluorescent dichlorofluorescein (DCFH), which is then rapidly oxidized to highly fluorescent DCFH (2′,7′-dichlorofluorescein) by a broad range of intracellular oxidative stresses other than H 2 O 2 Hempel et al., 1999) . Therefore, increased mean fluorescence intensity of DCF represents a probe of oxidation by a broad range of oxidative events and not only reaction with H 2 O 2 . At different exposure times (3 and 24 h), the culture medium was replaced by fresh serum-free medium containing 20 µM H 2 DCFD. DCF fluorescence intensity was detected by flow cytometry using a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) and Guava Express Plus software. The DCF fluorescence intensity is proportional to the amount of intracellularly formed ROS (LeBel et al., 1992) .
DNA damage analysis
Micronuclei assay
After pulse treatment (3 h), HL-60 cells were incubated in complete medium for 48 h and Cyt-B (3 µg/mL) was treated at 24 h. Cells were harvested and re-suspended in a hypotonic solution (0.075 M KCl) for 10 min. Afterward, HL-60 cells were harvested again and Carnoy's fixative was added gently. Then, cells were dropped onto clean slides and air-dried. These slides were stained with 8% Giemsa solution (pH 6.8) and then observed under a light microscope. Micronuclei (MN) were reported per 1,000 binucleated cells (BNC) with well-preserved cytoplasm . To verify the genotoxic potential of neosergeolide against PBMC, the same protocol used for leukemia cells was applied.
Alkaline comet assay
The comet assay was conducted under alkaline conditions as described by with modifications (Klaude et al., 1996) and following the recommendations of the International Workshop on Genotoxicity Test Procedures . After pulse treatment (3 h), HL-60 cells were collected and processed for the assay as follows. Briefly, 15 µL of the cell suspension were mixed with 90 µL of 0.75% low melting point agarose in PBS at 37°C; 100 µL of the cell suspension were spread on a glass slide previously coated with a layer of 1.5% normal melting point agarose in PBS, covered with a glass coverslip and placed at 4°C for 15 min. The coverslip was gently removed and the slide was submerged into ice-cold lysing solution (2.5 M NaCl, 10 mMTris, 0.1 mM EDTA, 1% sodium sarcosinate, 1% Triton X-100, and 10% DMSO, pH 10) at 4°C for at least 1 h. After lysis, the slides were placed in a horizontal gel electrophoresis chamber with freshly prepared alkaline buffer (300 mM NaOH and 1 mM EDTA, pH >13.0). The slides were kept in this solution for 20 min at 4°C to allow unwinding of the DNA and expression of alkali-labile sites. Then, the samples were subjected to electrophoresis in the same solution at 300 mA, 0.81 V/ cm for 20 min at 4°C. After electrophoresis, the slides were rinsed gently three times (5 min each time) with 0.4 M Tris-HCl (pH 7.5). Each slide was stained with 50 µL of ethidium bromide (20 µg/mL) and covered with a coverslip. The analysis of the cells was performed by a visual scoring system (Miyamae et al., 1998) . Briefly, fluorescently stained nucleoids were scored visually using an epifluorescence microscope (Olympus, Tokyo, Japan) with an excitation filter of 510-560 nm and a barrier filter of 590 nm at 400× magnification.
A total of 300 randomly selected cells (100 cells from each of the three replicate slides) were analyzed for each concentration of test substance. Cells were scored visually according to tail length into five classes: (1) class 0: undamaged cells having no tail; (2) class 1: cells having a tail shorter than the diameter of the head (nucleus); (3) class 2: cells having a tail length 1-2 times the diameter of the head; (4) class 3: cells having a tail longer than 2 times the diameter of the head; (5) class 4: comets having no heads. A value (damage index, DI) was assigned to each comet according to its class, using the formula:
where n = number of cells in each class analyzed. Damage index thus ranged from 0 (completely undamaged: 100 cells × 0) to 400 (with maximum damage: 100 cells × 4) . Doxorubicin (0.6 µM) was used as positive control. To assess DNA damage in PBMC caused by neosergeolide, the same protocol used for leukemia cells, as described above, was applied.
Statistical analysis
Data are presented as means ± S.E.M. IC 50 values and 95% confidence intervals (CI 95%) were obtained by nonlinear regression using the GRAPHPAD program (Intuitive Software for Science, San Diego, CA, USA). For all experiments, data were analyzed by one-way analysis of variance (ANOVA) followed by the Newman-Keuls test.
Results
Neosergeolide reduces both proliferation and viability of HL-60 cells
The MTT-based assay showed that neosergeolide exhibited elevated cytotoxicity to HL-60 cells after 24 h. Data from two independent experiments carried out in triplicate provided an IC 50 value of 0.1 µM (IC 95 0.06-0.15 µM). Neosergeolide was not cytotoxic to PBMC (IC 50 > 4.0 µM) at tested concentrations. Doxorubicin was used as positive control and displayed potent cytotoxicity against HL-60 cells (IC 50 0.04 µM, CI95% 0.02-0.04 µM) and PBMC (IC 50 0.33 µM, CI95% 0.20-0.44 µM). Subsequent experiments were conducted at concentrations corresponding to 1/2 × IC 50 , IC 50 , and 2 × IC 50 (0.05, 0.1, and 0.2 µM, respectively).
To further study the inhibition of proliferation, the incorporation of the nucleotide BrdU into DNA was evaluated by direct peroxidase immunocytochemistry in treated and untreated HL-60 cells. After 24 h,
Neosergeolide alters cell morphology, inducing both apoptosis and necrosis in HL-60 cells
To determine whether growth inhibition was related to the induction of apoptosis and necrosis, morphological analysis of neosergeolide-treated HL-60 cells was carried out using May-Grünwald-Giemsa staining.
Analysis of May-Grünwald-Giemsa stained neosergeolide-treated and untreated HL-60 cells revealed several drug-induced morphological changes. Control cells exhibited a typical non-adherent and vacuolization round morphology after 24 h in culture ( Figure 2A ). Neosergeolide at all concentrations induced DNA fragmentation, reduction in cell volume, and destabilization of the plasma membrane. Progression toward cell death in a dose-dependent manner was observed ( Figure 2C -2E). Also, pyknotic nuclei were observed at all concentrations. The positive control substance doxorubicin (0.6 µM) also induced reduction in cell volume, besides nuclear fragmentation and destabilization of the plasma membrane ( Figure 2B ).
Effects of neosergeolide on cell membrane integrity, cell proliferation, internucleosomal DNA fragmentation, and Δψ m by flow cytometry
Proliferation and cell membrane integrity were determined by the exclusion of PI ( Figure 3A and 3B). In HL-60 cell cultures treated with 0.05 and 0.1 µM neosergeolide, loss of membrane integrity was observed only after 24 h (p < 0.05). At 0.2 µM, neosergeolide induced early loss of membrane integrity, which began after 6 h of exposure. Neosergeolide reduced the number of viable cells in a time-and concentration-dependent manner. Cultures exposed to neosergeolide at low concentration (0.05 µM) showed a decrease in cell viability only after 12 and 24 h of treatment (p < 0.05). However, at the highest concentration (0.2 µM), neosergeolide reduced cell viability at all exposure times evaluated. Doxorubicin reduced the number of viable cells ( Figure 3B ) without membrane damage ( Figure 3A ).
At all concentrations tested, neosergeolide caused cell shrinkage and nuclear condensation as evidenced by decrease in forward light scattering and transient increase in side scattering, respectively. Both of these morphological modifications are compatible with the presence of apoptotic cells. All subdiploid-sized DNA (sub-G 0 / G 1 ) was considered to be due to internucleosomal DNA fragmentation. Increased neosergeolide-induced apoptotic sub-G 0 /G 1 peaks represent apoptotic cells having fractional DNA content and were observed at all concentrations 3, 6, 12, and 24 h after treatment ( Figure 3C ; p < 0.001). Doxorubicin also induced apoptotic effects. Neosergeolide-induced mitochondrial depolarization in HL-60 cells was evidenced by Rho-123 incorporation after 3, 6, 12, and 24 h of incubation ( Figure 3D ). These data suggest that neosergeolide induces apoptosis in HL-60 cells by triggering an intrinsic mitochondrial pathway.
Protection by CsA against neosergeolide-induced cell killing in HL-60
As MPT and caspases play crucial roles in the process of apoptosis, the effects of CsA, a specific inhibitor of MPT, on neosergeolide-induced apoptosis was investigated. After 3 h exposure, neosergeolide reduces the mitochondrial depolarization ( Figure 4A ) and causes an increase in the DNA fragmentation (sub-G 0 /G 1 peaks) ( Figure 4B ) as well in the number of cells with activate caspase-9 ( Figure 4C ) and caspases-3 and -7 ( Figure 4D ). To implicate a role of the MPT in neosergeolide-induced cell killing, HL-60 cells were pretreated with 5 µM CsA before exposure to neosergeolide. The CsA completely blocked neosergeolide-induced apoptosis ( Figure 4A -4D).
Neosergeolide induces phosphatidylserine externalization and activation of caspases-3 and -7 after 3 h (pulse treatment)
To verify if neosergeolide-induced cytotoxicity was a reversible process, the cells were treated for 3 h; after short-exposure time, the drug was removed, and then the cultures were reincubated for 21 h. After 3 h pulse treatment, neosergeolide caused a significant increase in the number of early (AnnV + /PI − ) and late (AnnV + / PI + ) apoptotic HL-60 cells when compared to the control group ( Figure 5 ). For AnnV/PI experiments, we did not observe a significant concentration-response relationship in the number of necrotic cells (AnnV − / PI + ): 0.12 ± 0.01, 0.04 ± 0.01, 0.46 ± 0.02, 3.40 ± 0.98, and 1.90 ± 0.22%, for negative control (vehicle) cultures, doxorubicin-treated cultures, and 0.05, 0.1, and 0.2 µM neosergeolide-treated cultures, respectively. Corroborating with our AnnV/PI data, neosergeolide increases the percentage of apoptotic (early and late stages) HL-60 cells with caspases-3 and -7 activated, and a slight increase of necrotic cells population was observed: 0.70 ± 0.31 (vehicle cultures), 2.67 ± 0.25 (doxorubicin cultures), and 0.67 ± 0.21, 2.30 ± 0.56, and 3.46 ± 1.15% for 0.05, 0.1, and 0.2 µM neosergeolide-treated cultures, respectively ( Figure 6 ). Table 1 shows the effect of neosergeolide on the HL-60 cell cycle. In general, neosergeolide at all concentrations lowered the number of cells at G 1 , S, and G 2 /M phases, which suggests that neosergeolide interfered in a nonspecific manner in the HL-60 cell cycle. As expected, neosergeolide treatment also induces a reduction in cell proliferation, mitochondrial depolarization, and internucleosomal DNA fragmentation (sub-G 0 /G 1 peaks). Also, no intracellular ROS production was detected 3-24 h after treatment with neosergeolide (data not shown). In neosergeolide-treated HL-60 cells, the DNA damage indexes were higher than in the control cells ( Figure 7A ). On the other hand, no increase on DNA migration was observed in neosergeolide-treated PBMC ( Figure 7B ). The MN frequencies were significantly increased by neosergeolide treatment at all concentrations tested (p < 0.05) and neosergeolide decreased cytokinesis-block proliferation of leukemia cells (Table 2 ; p < 0.05). However, the DNA damage concentrations for HL-60 cells were not genotoxic for PBMC and did not decrease the proliferation ratio of PBMC (Table 2 ). 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58   59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116 Neosergeolide-induced apoptosis in human leukemia HL-60 cells 9 © 2012 Informa Healthcare USA, Inc.
Neosergeolide induces changes in the HL-60 cell cycle and DNA damage after 3 h (pulse treatment)
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Discussion
Previous reports on the cytotoxicity of neosergeolide ) demonstrated that, as observed to other quassinoids (Kupchan et al., 1976; Lee et al., 1982; Lumonadio et al., 1991; Imamura et al., 1993; Mata-Greenwood et al., 2001; Jiang et al., 2008; Lau et al., 2009) , it strongly inhibited the proliferation of tumor cells in spite of their histological origin. The present study was designed to evaluate the selectivity of neosergeolide to tumor cells in comparison to normal lymphocytes, and moreover, to elucidate the underlying mechanism of action. MTT analysis confirmed the strong cytotoxicity of neosergeolide to leukemia cells (IC 50 = 0.1 µM after 24 h of exposure), while it suggest a good selectivity for this compound, since no cytotoxicity was observed to proliferating lymphocytes at tested concentrations. A balance between therapeutic and toxicological effects 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58   59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83  84  85  86  87  88  89  90  91  92  93  94  95  96  97  98  99  100  101  102  103  104  105  106  107  108  109  110  111  112  113  114  115  116 10 B.C. Cavalcanti et al.
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Pharmaceutical Biology of a candidate compound is important for establishing applicability as a pharmaceutical. Also, when considering the side effects of chemotherapy, it is very important to determine whether a drug has a harmful effect on normal dividing cells, such as proliferating lymphocytes (Zucot et al., 2002; . Brucein D, a quassinoid isolated from Brucea javanica (L.) Merr.
(Simaroubaceae), also demonstrated selectivity against pancreatic tumor cells in comparison to nontumorigenic cells (Lau et al., 2009 ). In the present study, cytotoxic activity was also evaluated through the loss of membrane integrity as shown by results of flow cytometry analyses, especially after 24 h of exposure. During early stages of apoptosis, cell membrane becomes impermeable to vital dyes, such as trypan blue or PI , and opposite situation occurs during late apoptosis or necrosis. So, other assays are needed to evaluate cells undergoing early apoptosis (i.e., annexin detection and caspases activation).
Proliferation capacity is equivalent to cell growth and was measured by incorporation of BrdU, a thymidine analog that is incorporated into DNA during the S phase and can be detected by immunocytochemistry (Holm et al., 1998) . Over a period of 24 h, neosergeolide at low concentration decreased the number of BrdU-positive cells. The lower BrdU uptake by cell DNA after neosergeolide exposure also corroborates the result obtained from the MTT assay. In addition, our results are in general agreement with the antiproliferative properties of other quassinoids, such as brusatol and bruceantin, which were shown to inhibit the proliferation of several established leukemia cell lines, including HL-60 cells, in an assay based on the incorporation of 3 H-thymidine (Mata-Greenwood et al., 2002) .
Induction of apoptosis by quassinoids has been reported before (Mata-Greenwood et al., 2002; Lau et al., 2009) . In this study, several sensitive methods for detecting apoptosis were used, based on the different morphological or biochemical features of apoptosis and necrosis. The results demonstrate that neosergeolide induces apoptosis in HL-60 cells at micromolar concentrations as evidenced by flow cytometric analyses and morphological alterations (May-Grünwald-Giemsa staining). DNA fragmentation during apoptosis could lead to extensive loss of DNA content and a distinct sub-G 0 /G 1 peak when analyzed by flow cytometry. In the present study, apoptosis was analyzed by the determination of sub-G 0 /G 1 cells. Our analysis revealed that neosergeolide stimulation increased the percentage of sub-G 0 / G 1 peaks (hypodiploid DNA) in HL-60 cells in a time-and concentration-dependent manner.
Apoptosis and necrosis represent only the extreme ends of a wide range of possible morphological and biochemical deaths and can occur simultaneously in tissues and cell cultures exposed to the same stimulus (Nicotera et al., 1999) . However, there is no clear biochemical definition of necrotic cell death and consequently no positive biochemical marker that unambiguously discriminate necrosis from apoptosis (late apoptosis features). Another problem is that even the interpretation of dying cell morphology may be complex, because in the absence of phagocytosis apoptotic cells proceed to a stage called secondary necrosis, which shares many features of primary necrosis (Kerr et al., 1994; Kroemer et al., 1998; Krysko et al., 2008) .
One of the earliest manifestations of apoptosis, regardless of the initiating stimulus, is the redistribution of phospholipids in the plasma membrane that leads to the exposure of phosphatidylserine (PS) at the cell surface Koopman et al., 1994; Martin et al., 1995) . AnnV is a Ca 2+ dependent phospholipid-binding protein that has a high affinity for PS, and binds to cells with exposed PS (Krysko et al., 2008) . Combining AnnV with PI can help to distinguish between apoptosis (early and late stages) and necrosis. The data showed that after pulse treatment (3 h of neosergeolide exposure following 21 h reincubation period without drug), many cells were in early and late apoptosis with active caspases-3 and -7, and after a short period exposure (3 h), activation of caspases-3 and -7 was also observed. These results showed that the activation of apoptotic mechanisms occurs earlier and do not depend on extended periods of exposure.
When mitochondrial membrane potential is dissipated, a cell begins an irreversible apoptotic process Hsu & Yen, 2007) . Detection of mitochondrial membrane potential changes can, therefore, be useful as a probe for the onset of apoptosis. The correlation between the loss of the mitochondrial membrane potential and DNA fragmentation indicates that the reduction of Δψ m constitutes an obligate and irreversible step of ongoing HL-60 death. In this study, neosergeolide increased potential loss in the mitochondrial membrane thus providing evidence for the activation of an intrinsic apoptosis pathway in HL-60 cells. These results are in general agreement with the findings of who demonstrated that quassinoids induce mitochondrial depolarization and caspase-3 activation. Also, according to Mata-Greenwood et al. (2002) , treatment of leukemic cells with bruceantin induces a decrease in c-myc mRNA and protein which in turn may be responsible for some of the pro-apoptotic effects of quassinoids .
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Lazebnik, 1998). The classic MPT is dependent upon the [Ca 2+ ] i , is energy dependent, and is accompanied by mitochondrial swelling and depolarization (Zoratti & Szabo, 1995) , which CsA inhibits MPT pore opening . The CsA binds to Cyp-M, a cyclophilin-family protein associated with the MPT pore, causing it to dissociate from the pore complex, and this increases the probability of MPT pore closure and thus prevents the Δψ m disruption and block cytochrome c release (Lemasters, 1999; Jiang et al., 2001; . On the contrary, it has been reported that the nonclassic MPT, which is insensitive to CsA, occurs without swelling and depolarization of the mitochondria .
Consistent with these observations, neosergeolideinduced apoptosis is dependent of the classic MPT mechanism. Cotreatment with CsA prevents neosergeolide-induced caspases-9, -3 and -7 activation suggesting that blocking of MPT prevents the leakage of cytochrome c and consequently prevents the activation of caspase-9 (caspase-dependent cytochrome c release) and apoptotic protease activating factor 1 (Apaf-1). Caspase-9 is thought to be the initiator caspase involved in the mitochondrial-initiated apoptotic pathway, and it activates downstream caspases, such as caspases-3, -6, and -7 . Caspases-3 and -7 are two well-known "executioner caspases." Their activation is believed to be responsible for the morphological changes seen in apoptosis, including DNA fragmentation, chromatin condensation, and the formation of apoptotic bodies (Marcelli et al., 1999; Nicholson, 1999) .
Several mechanisms exist by which neosergeolide could potentially exert to achieve the observed apoptogenic effects in cancer cells. It was evaluated whether the ROS generation or direct DNA damage could be related to neosergeolide activity. Apoptosis induced by many chemical genotoxins is a consequence of blockage of DNA replication, which leads to collapse of replication forks and DNA double-strand breaks formation, which, the latter, is thought to be crucial downstream for apoptosis-triggering lesions . Genotoxic DNA damaging agents may activate both membrane death receptors and the endogenous mitochondrial damage pathway leading to cell death via apoptosis (Kaina, 2003) . DNA damage, such as DNA strand breakage and induction of MN, may be important features of neosergolide's cytotoxic mechanisms. Thus, HL-60 cultures treated with neosergeolide exhibit strong reduction in cytokinesis-block proliferation which is a biological parameter for the detection of cellular toxicity or cell cycle delay . Also, neosergeolide induces DNA damage after a short incubation period (3 h) as evidenced by a significant increase in grades 3 and 4 comets in comparison to negative control (Figure 7 A) . The occurrence of comets with no heads and with nearly all DNA in the tail (grade 4) is an indication of the cytotoxic effect . Interestingly, neosergeolide induces DNA damages in HL-60 cells which are p53 null but not in PBMC (wild-type p53), suggesting that this effect is p53 independent. The tumor suppressor protein p53 is considered to be a major player in the apoptotic response to genotoxins. Some experiments, trying to elucidate in more detail the role of p53 in DNA damage-triggered apoptosis, have shown that some primary and established cell (mouse fibroblasts) lines deficient for p53 were clearly more sensitive than the corresponding wild-type after exposure to UV-C and alkylating agent (methyl methanesulfonate), supporting the view that p53 is not required for inducing apoptosis in these cells (Lackinger & Kaina, 2000; Lackinger et al., 2001) . However, the pro-or antiapoptotic effect of p53 appears to be a cell type-specific phenomenon since lymphoblastoid cells wild-type for p53 proved to be more sensitive to alkylating agents and UV-C than the p53 mutated counterparts (Karran & Stephenson, 1990) . The factor(s) involved in making the decision between protection against or stimulation of the apoptotic process by p53 remains unknown (Kaina, 2003) .
Intracellular ROS production is associated with a number of cellular events, including activation of NADH oxidase and xanthine oxidase, and the functioning of the mitochondrial respiratory chain (Perez-Ortiz et al., 2007) . The NADH oxidase is inhibited by several known potential antitumor agents, such as sulfonylurea, adriamycin, and capsaicin (del . Interestingly, Morré et al. (1998) showed that the cytotoxicity of the quassinoid glaucarubolone to HeLa cells was associated with NADH oxidase inhibition. demonstrated that inhibition of NADPH oxidase activity by diphenyleneiodonium suppressed free radical production and inhibited cell growth of B16 melanoma cells. The present study provides evidence that the mechanisms of cell growth inhibition, cell death, and DNA-damage of neosergeolide do not depend on the production of ROS. These data are consistent with the previous report in which it was shown that the cytotoxicity of neosergeolide and another isolated quassinoid (isobrucein B) toward cancer cell lines is not related to oxidative stress . A working mechanistic model is developed based on these findings and is summarized in a schematic diagram (Figure 8 ).
conclusions
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NPHB 654921 Hempel Quassinoids are degraded triterpenes frequently highly oxygenated Jiwajinda et al., 2002) , found exclusively in plants belonging to the Simaroubaceae family. These compounds generally presented important biological properties (Okano et al., 1990; , including antimalarial ), anti-HIV (Okano et al., 1996) , and cytotoxic and antitumor activities Itokawa et al., 1993; Mata-Greenwood et al., 2001; Murakami et al., 2004; ). Since the use of bruceantin (Kupchan et al., 1973) in phase II breast cancer and melanoma clinical trials and its subsequent withdrawal due to the concerns about toxicity , studies on the antitumor properties of quassinoids have increased steadily (Okano et al., 1985; Mata-Greenwood et al., 2001; .
Recently, we it has been reported that neosergeolide (Figure. 1A) , a quassinoid isolated from Picrolemma sprucei Hook. f. (Simaroubaceae), has significant in vitro antimalarial, larvicide, and cytotoxic properties . Also, neosergeolide non-selectively inhibited cancer cell lines proliferation ([SF295 (glioblastoma), MDA-MB435 (melanoma), HCT8 (colon), and HL-60 (leukemia))] as evidenced by quite similar IC 50 values. In the present study, the underlying molecular mechanisms of neosergeolide's antiproliferative activity were evaluated using human promyelocytic leukemia cells (HL-60). The HL-60 cells are extensively used in the examination of the effects of test drugs on cell proliferation, cell cycle, cell differentiation, and apoptosis events Militão et al., 2006) . For comparison, the effect of neosergeolide on the growth of normal cells was evaluated using peripheral blood mononuclear cells (PBMC).
Materials and methods
Drugs and rReagents
The procedure used for the isolation of neosergeolide from the roots and stems of P. sprucei was described in a previous publication .
Neosergeolide used in this study had purity greater than 98% based on HPLC (DAD/ESI-MS) and NMR analyses. Fetal calf serum and phytohaemagglutinin were purchased from Cutilab (Campinas, SP, Brazil). RPMI 1640 medium, trypsin-EDTA, penicillin, and streptomycin were purchased from GIBCO® (Invitrogen, Carlsbad, CA, USA). 
Cytochalasin
Cell cultures
The human promyelocytic leukemia cell line (HL-60) was donated by the National Cancer Institute (Bethesda, MD, USA). Cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin at 37°C with 5% CO 2 . Heparinized blood from healthy, nonsmoker donors who had not taken any drug at least 15 days prior to sampling was collected and peripheral blood mononuclear cells (PBMC) were isolated using densitygradient centrifugation over Histopaque-1077. The PBMC were washed and re-suspended in RPMI 1640 medium supplemented with 20% fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin at 37°ºC under a 5% CO 2 atmosphere. Phytohemagglutinin (2%) was added at the start of cultures. After 24 h, cells were treated with the test compounds.
Neosergeolide toxicity to HL-60 cells and PBMC
The cytotoxicity of neosergeolide to HL-60 cells and PBMC was evaluated by the MTT assay (Mosmann, 1983) . Briefly, cells were plated in 96-well plates (3 × 10 5 cells/mL for HL-60 and 4 × 10 5 cells/mL for PBMC). Neosergeolide was dissolved in 1% DMSO at concentrations of 0.006--4 µM and the resulting solutions were added to wells.
After 24 h, the supernatant was replaced by fresh medium containing MTT (0.5 mg/mL). After 3 h, the MTT formazan product was dissolved in DMSO and absorbance was measured at 595 nm (Beckman Coulter ® DTX-880 spectrometer). Doxorubicin (0.044--46 µM) was used as positive control.
Antiproliferative effect (inhibition of BrdU incorporation)
The HL-60 cells were plated in 24-well tissue culture plates (3 × 10 5 cells/mL) and treated with neosergeolide at different concentrations. After 21 h of exposure to sample, 20 µL of BrdU (10 mM) was added to each well and incubated for 3 h at 37°C. To determine the amount of BrdU incorporated into DNA , cells were harvested, transferred to cytospin slides and allowed to dry for 2 h at room temperature. Cells that had incorporated BrdU were labeled by direct peroxidase immunocytochemistry using the chromogen diaminobenzidine (DAB). Slides were counterstained with hematoxylin, mounted, and coverslipped. Determination of BrdU positivity was performed by light microscopy (Olympus, Tokyo, Japan). A total of 200Two hundred cells were counted per sample to determine the percentage of BrdUpositive cells. Doxorubicin (0.6 µM) was used as positive control. 
Flow cytometric experiments
Cell membrane integrity
The HL-60 cell membrane integrity was evaluated by the exclusion of propidium iodide (PI) at 50 µg/mL. Aliquots were removed from cultures after 3, 6, 12, and 24 h of incubation. Cell fluorescence was then determined by flow cytometry in a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) using Guava Express Plus software. A total of 5,000Five thousand events were evaluated per experiment.
Internucleosomal DNA fragmentation
Aliquots were removed from HL-60 cell cultures after 3, 6, 12, and 24 h of incubation with neosergeolide. Then, the aliquots were incubated at 37°C for 30 min in the dark in a lysis solution containing 0.1% citrate, 0.1% Triton X-100, and 50 µg/mL PI. Cell fluorescence was then determined by flow cytometry in a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) using Guava Express Plus software. The percentage of degraded DNA was determined by the number of cells displaying subdiploid (sub-G o /G 1 ) DNA divided by the total number of cells examined. A total of 5,000Five thousand events were evaluated per experiment.
Mitochondrial transmembrane potential (∆ψ m )
Mitochondrial depolarization was evaluated after 3, 6, 12, and 24 h of incubation with neosergeolide using the method of incorporation of Rho-123. Rho-123 is a cellpermeable, cationic, fluorescent dye that is readily sequestered by active mitochondria without inducing cytotoxic effects. Briefly, treated and untreated HL-60 cells were centrifuged at 2000 rpm for 5 min and the pellet was re-suspended in 200 µL of a 1 µg/mL solution of Rho-123 for 15 min in the dark. After incubation, cells were Annexin V/propidium iodidePI (AnnV/PI) and caspases (9, 3, and 7) detection
The Annexin V (AnnV) cytometry assay was used to detect cells population in viable, early and late apoptosis stage. After short exposure time (3 h) or pulse treatment (3 h of neosergeolide exposure following 21 h reincubation period without drug), HL-60 cells were stained with fluorescein isothiocyanate (FITC) conjugated Annexin V (Guava Nexin kit, Guava Technologies, Inc., Hayward, CA, USA) and PI (necrotic-cell indicator), and then they were subjected to flow cytometry (Guava EasyCyte Mini). Cells undergoing early and late apoptosis were detected by the emission of the fluorescence from only FITC and, both FITC and PI, respectively. Also, the percentages of cells with active caspases (9, 3, and 7) were estimated by flow cytometry (Guava EasyCyte Mini) using a Guava Caspases 9 and 3/7 FAM Kit (Guava Technologies, Inc., Hayward, CA, USA).
Analysis of mitochondrial permeability transition (MPT) on neosergeolide-induced cell death
In order tTo corroborate the central role of mitochondria in the apoptotic process induced by neosergeolide, cells were pre-treated or not for 30 min with CsA at 5 µM (a blocker of mitochondrial permeability transition (MPT)) prior to the neosergeolide exposure and co-treated for 3 h. After exposure time, mitochondrial depolarization, internucleosomal DNA fragmentation, active caspases (9, 3, and 7) detection, and morphological analysis of cell death (AO/EB staining) were performed as described above.
Measurement of intracellular reactive oxygen species (ROS)
Intracellular reactive oxygen species (ROS) were estimated after treatment with neosergeolide using 2′,7′-dichlorofluorescein diacetate (H 2 DCFDA) as fluorescence probe.
The H 2 DCFDA diffuses through the cell membrane readily and is hydrolyzed by intracellular esterases to non-fluorescent dichlorofluorescein (DCFH), which is then rapidly oxidized to highly fluorescent DCFH (2′,7′-dichlorofluorescein) by a broad range of intracellular oxidative stresses other than H 2 O 2 Hempel et al., 1999) .
Therefore, increased mean fluorescence intensity of DCF represents a probe of oxidation by a broad range of oxidative events and not only reaction with H 2 O 2 . At different exposure times (3 and 24 h), the culture medium was replaced by fresh serum-free medium containing 20 µM H 2 DCFD. DCF fluorescence intensity was detected by flow cytometry using a Guava EasyCyte Mini (Guava Technologies, Inc., Hayward, CA, USA) and Guava Express Plus software. The DCF fluorescence intensity is proportional to the amount of ROS intracellularly formed ROS intracellularly (LeBel et al., 1992) . After pulse-treatment (3 h), HL-60 cells were incubated in complete medium for 48 h and cCyt-B (3 µg/mL) was treated at 24 h. Cells were harvested and re-suspended in a hypotonic solution (0.075 M KCl) for 10 min. Afterwards, HL-60 cells were harvested again and Carnoy's fixative was added gently. Then, cells were dropped onto clean slides and air-dried. These slides were stained with 8% Giemsa solution (pH 6.8) and then observed under a light microscope. Micronuclei (MN) were reported per 1,000 binucleated cells (BNC) with well-preserved cytoplasm . In order tTo verify the genotoxic potential of neosergeolide against PBMC, we apply the same protocol used for leukemia cells was applied.
Alkaline comet assay
The comet assay was conducted under alkaline conditions as described by with modifications (Klaude et al., 1996) and following the recommendations of the International Workshop on Genotoxicity Test Procedures . After pulse-treatment (3 h), HL-60 cells were collected and processed for the assay as follows. Briefly, 15 µL of the cell suspension were mixed with 90 µL of 0.75% low melting point agarose in PBS at 37°C;. 100 µL of the cell suspension were spread on a glass slide previously coated with a layer of 1.5% normal melting point agarose in PBS, covered with a glass coverslip and placed at 4°C for 15 min. The coverslip was gently removed and the slide was submerged into ice-cold lysing solution (2.5 M NaCl, 10 mMTris, 0.1 mM EDTA, 1% sodium sarcosinate, 1% Triton X-100, and 10% DMSO, pH 10) at 4°C for at least 1 h. After lysis, the slides were placed in a horizontal gel electrophoresis chamber with freshly-prepared alkaline buffer (300 mM NaOH and 1 mM EDTA, pH >13.0). The slides were kept in this solution for 20 min at 4°C to allow unwinding of the DNA and expression of alkali-labile sites. Then, the samples were subjected to electrophoresis in the same solution at 300 mA, 0.81 V/cm for 20 min at 4°C. After electrophoresis, the slides were rinsed gently three times (5 min each time) with 0.4 M Tris-HCl (pH 7.5). Each slide was stained with 50 µL of ethidium bromide (20 µg/mL) and covered with a coverslip. The analysis of the cells was performed by a visual scoring system (Miyamae et al., 1998) . Briefly, fluorescently stained nucleoids were scored visually using an epifluorescence microscope (Olympus, Tokyo, Japan) with an excitation filter of 510--560 nm and a barrier filter of 590 nm at 400× magnification.
A total of 300Three hundred randomly selected cells (100 cells from each of the three replicate slides) were analyzed for each concentration of test substance. Cells were scored visually according to tail length into five classes: (1) class 0: undamaged cells having no tail; (2) class 1: cells having a tail shorter than the diameter of the head (nucleus); (3) class 2: cells having a tail length 1--2 times the diameter of the head; (4) class 3: cells having a tail longer than 2 times the diameter of the head; (5) class 4: comets having no heads. A value (damage index, DI) was assigned to each comet according to its class, using the formula: DI = (0 × n 0 ) + (1 × n 1 ) + (2 × n 2 ) + (3 × n 3 ) + (4 × n 4 ), where n = number of cells in each class analyzed. Damage index thus ranged from 0 (completely undamaged: 100 cells × 0) to 400 (with maximum damage: 100 cells × 4) . Doxorubicin (0.6 µM) was used as positive control. To assess DNA damage in PBMC caused by neosergeolide, we apply the same protocol used for leukemia cells, as described above, was applied.
Statistical analysis
Data are presented as means ± S.E.M. IC 50 values and 95% confidence intervals (CI 95%) were obtained by nonlinear regression using the GRAPHPAD program (Intuitive Software for Science, San Diego, CA, USA). For all experiments, data were analyzed by one-way analysis of variance (ANOVA) followed by the Newman--Keuls test.
Results
Neosergeolide reduces both proliferation and viability of HL-60 cells
The MTT-based assay showed that neosergeolide exhibited elevated cytotoxicity to HL-60 cells after 24 h. Data from two independent experiments carried out in triplicate provided an IC 50 value of 0.1 µM (IC 95 0.06--0.15 µM). Neosergeolide was not cytotoxic to PBMC (IC 50 > 4.0 µM) at tested concentrations. Doxorubicin was used as positive control and displayed potent cytotoxicity against HL-60 cells (IC 50 0.04 µM, CI95% 0.02--0.04 µM) and PBMC (IC 50 0.33 µM, CI95% 0.20-0.44 µM). Subsequent experiments were conducted at concentrations corresponding to 1/2 × IC 50 , IC 50 , and 2 × IC 50 (0.05, 0.1, and 0.2 µM, respectively). To further study the inhibition of proliferation, the incorporation of the nucleotide BrdU into DNA was evaluated by direct peroxidase immunocytochemistry in treated and untreated HL-60 cells. After 24 h, neosergeolide at the concentrations of 0.05, 0.1, and 0.2 µM inhibited BrdU incorporation by 48.00 ± 2.30, 89.67 ± 1.45, and 94.67 ± 1.45%, respectively, in HL-60 cells ( Figure. 1B; p < 0.001 ).
Neosergeolide alters cell morphology, inducing both apoptosis and necrosis in HL-60 cells
Analysis of May-Grünwald-Giemsa stained neosergeolide-treated and untreated HL-60 cells revealed several drug-induced morphological changes. Control cells exhibited a typical non-adherent and vacuolization round morphology after 24 h in culture ( Figure. 2A) . Neosergeolide at all concentrations induced DNA fragmentation, reduction in cell volume, and destabilization of the plasma membrane. Progression toward cell death in a dose-dependent manner was observed ( Figure. 2C-2E) . Also, pyknotic nuclei were observed at all concentrations. The positive control substance doxorubicin (0.6 µM) also induced reduction in cell volume, besides nuclear fragmentation and destabilization of the plasma membrane ( Figure. 2B ).
Effects of neosergeolide on cell membrane integrity, cell proliferation, internucleosomal DNA fragmentation, and ∆ψ m by flow cytometry Proliferation and cell membrane integrity were determined by the exclusion of PI ( Figure. 3A and 3B ). In HL-60 cell cultures treated with 0.05 and 0.1 µM neosergeolide, loss of membrane integrity was observed only after 24 h (p < 0.05). At 0.2 µM, neosergeolide induced early loss of membrane integrity, which began after 6 h of exposure.
Neosergeolide reduced the number of viable cells in a time-and concentration-dependent manner. Cultures exposed to neosergeolide at low concentration (0.05 µM) showed a decrease in cell viability only after 12 and 24 h of treatment (p < 0.05). However, at the highest concentration (0.2 µM), neosergeolide reduced cell viability at all exposure times evaluated. Doxorubicin reduced the number of viable cells (Figure. At all concentrations tested, neosergeolide caused cell shrinkage and nuclear condensation as evidenced by decrease in forward light scattering and transient increase in side scattering, respectively. Both of these morphological modifications are compatible with the presence of apoptotic cells. All sub-diploid-sized DNA (sub-G 0 /G 1 ) was considered to be due to internucleosomal DNA fragmentation. Increased neosergeolide-induced apoptotic sub-G 0 /G 1 peaks represent apoptotic cells having fractional DNA content and were observed at all concentrations 3, 6, 12, and 24 h after treatment ( Figure. 3C ; p < 0.001). Doxorubicin also induced apoptotic effects.
Neosergeolide-induced mitochondrial depolarization in HL-60 cells was evidenced by Rho-123 incorporation after 3, 6, 12, and 24 h of incubation (Figure. 3D) . These data suggest that neosergeolide induces apoptosis in HL-60 cells by triggering an intrinsic mitochondrial pathway.
Protection by CsA against neosergeolide-induced cell killing in HL-60
As MPT and caspases play crucial roles in the process of apoptosis, we investigated the effects of CsA, a specific inhibitor of MPT, on neosergeolide-induced apoptosis was investigated. After 3 h exposure, neosergeolide reduces the mitochondrial depolarization ( Figure. In order tTo verify if neosergeolide-induced cytotoxicity was a reversible process, we treated the cells were treated during for 3 h;, after short-exposure time, the drug was removed, and then the cultures were reincubated for 21 h.[AQ: Please check whether the edits made to the sentence convey the correct meaning.] After 3 h pulse treatment, neosergeolide caused a significant increase in the number of early (AnnV + /PI −-) and late (AnnV + /PI + ) apoptotic HL-60 cells when compared to the control group (Figure. 5 ).
For AnnV/PI experiments, we did not observe a significant concentration--response relationship in the number of necrotic cells (AnnV −-/PI + ): 0.12 ± 0.01, 0.04 ± 0.01, 0.46 ± 0.02, 3.40 ± 0.98, and 1.90 ± 0.22%, for negative control (vehicle) cultures, doxorubicin-treated cultures, and 0.05, 0.1, and 0.2 µM neosergeolide-treated cultures, respectively. Corroborating with our AnnV/PI data, neosergeolide increases the percentage of apoptotic (early and late stages) HL-60 cells with caspases-3 and -7 activated, Neosergeolide induces changes in the HL-60 cell cycle and DNA damage after 3 h (pulse-treatment) Table 1 shows the effect of neosergeolide on the HL-60 cell cycle. In general, neosergeolide at all concentrations lowered the number of cells at G 1 , S, and G 2 /M phases, which suggests that neosergeolide interfered in a non-specific manner in the HL-60 cell cycle. As expected, neosergeolide treatment also induces a reduction in cell proliferation, mitochondrial depolarization, and internucleosomal DNA fragmentation (sub-G 0 /G 1 peaks). Also, no intracellular ROS production was detected 3--24 h after treatment with neosergeolide (data not shown).
In neosergeolide-treated HL-60 cells, the DNA damage indexes were higher than in the control cells ( Figure. 7A ). On the other hand, no increase on DNA migration was observed in neosergeolide-treated PBMC (Figure. 7B) . The MNicronuclei frequencies were significantly increased by neosergeolide treatment at all concentrations (p < 0.05) tested (p < 0.05) and neosergeolide decreased cytokinesis-block proliferation of leukemia cells (Table 2 ; p < 0.05). However, the DNA damage concentrations for HL-60 cells were not genotoxic for PBMC and did not decrease the proliferation ratio of PBMC (Table 2 ).
Discussion
Previous reports on the cytotoxicity of neosergeolide demonstrated that, as observed to other quassinoids (Kupchan et al., 1976; Lee et al., 1982; Lumonadio et al., 1991; Imamura et al., 1993; Mata-Greenwood et al., 2001; Jiang et al., 2008; Lau et al., 2009) , it strongly inhibited the proliferation of tumor cells in spite of their histological origin. The present study was designed to evaluate the selectivity of neosergeolide to tumor cells in comparison to normal lymphocytes, and moreover, to elucidate the underlying mechanism of action. MTT analysis confirmed the strong cytotoxicity of neosergeolide to leukemia cells (IC 50 = 0.1 µM after 24 h of exposure), while it suggest a good selectivity for this compound, since no cytotoxicity was observed to proliferating lymphocytes at tested concentrations. A balance between therapeutic and toxicological effects of a candidate compound is important for establishing applicability as a pharmaceutical. Also, when considering the side effects of chemotherapy, it is very important to determine whether a drug has a harmful effect on normal dividing cells, such as proliferating lymphocytes (Zucot et al., 2002; . (Lau et al., 2009 ).
In the present study, cytotoxic activity was also evaluated through the loss of membrane integrity as shown by results of flow cytometry analyses, especially after 24 h of exposure. During early stages of apoptosis, cell membrane becomes impermeable to vital dyes, such as trypan blue or PI , and opposite situation occurs during late apoptosis or necrosis. So, other assays are needed to evaluate cells undergoing early apoptosis (i.e., annexin detection and caspases activation).
Proliferation capacity is equivalent to cell growth and was measured by incorporation of BrdU, a thymidine analog that is incorporated into DNA during the S phase and can be detected by immunocytochemistry (Holm et al., 1998) . Over a period of 24 h, neosergeolide at low concentration decreased the number of BrdU-positive cells. The lower BrdU uptake by cell DNA after neosergeolide exposure also corroborates the result obtained from the MTT assay. In aAdditionally, our results are in general agreement with the anti-proliferative properties of other quassinoids, such as brusatol and bruceantin, which were shown to inhibit the proliferation of several established leukemia cell lines, including HL-60 cells, in an assay based on the incorporation of 3 H-thymidine (Mata-Greenwood et al., 2002) .
Induction of apoptosis by quassinoids has been reported before (Mata-Greenwood et al., 2002; Lau et al., 2009) . In this study, several sensitive methods for detecting apoptosis were used, based on the different morphological or biochemical features of apoptosis and necrosis. Our
The results demonstrate that neosergeolide induces apoptosis in HL-60 cells at micromolar concentrations as evidenced by flow cytometric analyses and morphological alterations (May-Grünwald-Giemsa staining). DNA fragmentation during apoptosis could lead to extensive loss of DNA content and a distinct sub-G 0 /G 1 peak when analyzed by flow cytometry. In the present study, apoptosis was analyzed by the determination of sub-G 0 /G 1 cells. Our analysis revealed that neosergeolide stimulation increased the percentage of sub-G 0 /G 1 peaks (hypodiploid DNA) in HL-60 cells in a time-and concentration-dependent manner.
One of the earliest manifestations of apoptosis, regardless of the initiating stimulus, is the redistribution of phospholipids in the plasma membrane that leads to the exposure of phosphatidylserine (PS) at the cell surface Koopman et al., 1994; Martin et al., 1995) . Annexin V is a Ca 2+ dependent phospholipid-binding protein that has a high affinity for PS, and binds to cells with exposed PS (Krysko et al., 2008) . Combining Aannexin V with PI can help to distinguish between apoptosis (early and late stages) and necrosis. Our The data showed that after pulse treatment (3 h of neosergeolide exposure following 21 h reincubation period without drug), many cells were in Formatted: Font: Not Italic early and late apoptosis with active caspases-3 and -7, and after a short period exposure (3 h), we also observed activation of caspases-3 and -7 was also observed. These results showed that the activation of apoptotic mechanisms occurs earlier and do not depend on extended periods of exposure.
When mitochondrial membrane potential is dissipated, a cell begins an irreversible apoptotic process Hsu & Yen, 2007) . Detection of mitochondrial membrane potential changes can, therefore, be useful as a probe for the onset of apoptosis. The correlation between the loss of the mitochondrial membrane potential and DNA fragmentation indicates that the reduction of ∆ψ m constitutes an obligate and irreversible step of ongoing HL-60 death. In this study, neosergeolide increased potential loss in the mitochondrial membrane thus providing evidence for the activation of an intrinsic apoptosis pathway in HL-60 cells. These results are in general agreement with the findings of who demonstrated that quassinoids induce mitochondrial depolarization and caspase-3 activation. Also, according to Mata-Greenwood et al. (2002) , treatment of leukemic cells with bruceantin induces a decrease in c-myc mRNA and protein which in turn may be responsible for some of the pro-apoptotic effects of quassinoids .
Mitochondria play a decisive role in the apoptotic pathway mediated by certain agonists . Disruption of the inner and outer mitochondrial membrane and opening of the mitochondrial permeability transition (MPT) pore, which is regulated by members of the Bcl-2 family as well as the redox and energy state of the cell, result in a collapse of ∆ψ m , and in the exit of soluble proteins, such as cytochrome c and apoptosis-inducing factor . This MPT from the intermembrane space can trigger an activation of downstream caspases (Zoratti & Szabo, 1995; . The classic MPT is dependent upon the [Ca 2+ ] i , is energy dependent, and is accompanied by mitochondrial swelling and depolarization (Zoratti & Szabo, 1995) , which CsA inhibits MPT pore opening . The CsA binds to Cyp-M, a cyclophilin-family protein associated with the MPT pore, causing it to dissociate from the pore complex, and this is increases the probability of MPT pore closure and thus prevents the ∆ψ m disruption and block cytochrome c release (Lemasters, 1999; Jiang et al., 2001; . On the contrary, it has been reported that the nonclassic MPT, which is insensitive to CsA, occurs without swelling and depolarization of the mitochondria .
Consistent with these observations, neosergeolide-induced apoptosis is dependent of the classic MPT mechanism. While cCotreatment with CsA prevents neosergeolideinduced caspases-9, -3 and -7 activation, suggesting that blocking of MPT prevents the leakage of cytochrome c and consequently prevents the activation of caspase-9 (caspase-dependent cytochrome c release) and apoptotic protease activating factor 1 (Apaf-1). Caspase-9 is thought to be the initiator caspase involved in the mitochondrialinitiated apoptotic pathway, and it activates downstream caspases, such as caspases-3, -6, and -7 . Caspases-3 and -7 are two well-known "executioner caspases.". Their activation is believed to be responsible for the morphological changes seen in apoptosis, including DNA fragmentation, chromatin condensation, and the formation of apoptotic bodies (Marcelli et al., 1999; Nicholson, 1999) .
Several mechanisms exist by which neosergeolide could potentially exert to achieve the observed apoptogenic effects in cancer cells. Herein iIt was evaluated whether the ROS generation or direct DNA damage could be related to neosergeolide activity. Apoptosis induced by many chemical genotoxins is a consequence of blockage of DNA Z:\NPHB\13880209.2012.654921\03B_FOR_EDITING\NPHB_A_654921.doc -15 -replication, which leads to collapse of replication forks and DNA double-strand breaks formation, which, the latter, is thought to be crucial downstream for apoptosistriggering lesions . Genotoxic DNA damaging agents may activate both membrane death receptors and the endogenous mitochondrial damage pathway leading to cell death via apoptosis (Kaina, 2003) . DNA damage, such as DNA strand breakage and induction of micronucleiMN, may be important features of neosergolide's cytotoxic mechanisms. Thus, HL-60 cultures treated with neosergeolide exhibit strong reduction in cytokinesis-block proliferation which is a biological parameter for the detection of cellular toxicity or cell cycle delay . Also, neosergeolide induces DNA damage after a short incubation period (3 h) as evidenced by a significant increase in grades 3 and 4 comets in comparison to negative control ( Figure. 7 A) . The occurrence of comets with no heads and with nearly all DNA in the tail (grade 4) is an indication of the cytotoxic effect . Interestingly, neosergeolide induces DNA damages in HL-60 cells which are p53 null but not in PBMC (wild-type p53), suggesting that this effect is p53 independent. The tumor suppressor protein p53 is considered to be a major player in the apoptotic response to genotoxins. Some experiments, trying to elucidate in more detail the role of p53 in DNA damage-triggered apoptosis, have shown that some primary and established cell (mouse fibroblasts) lines deficient for p53 were clearly more sensitive than the corresponding wild-type after exposure to UV-C and alkylating agent (methyl methanesulfonate), supporting the view that p53 is not required for inducing apoptosis in these cells (Lackinger & Kaina, 2000; Lackinger et al., 2001) . However, the pro-or anti-apoptotic effect of p53 appears to be a cell type-specific phenomenon since lymphoblastoid cells wild-type for p53 proved to be more sensitive to alkylating agents and UV-C than the p53 mutated counterparts (Karran & Stephenson, 1990) . The factor(s) involved in making the decision between protection against or stimulation of the apoptotic process by p53 remains unknown (Kaina, 2003) .
Intracellular ROS production is associated with a number of cellular events, including activation of NADH oxidase and xanthine oxidase, and the functioning of the mitochondrial respiratory chain (Perez-Ortiz et al., 2007) . The NADH oxidase is inhibited by several known potential antitumor agents, such as sulfonylurea, adriamycin, and capsaicin (del . Interestingly, Morré et al. (1998) showed that the cytotoxicity of the quassinoid glaucarubolone to HeLa cells was associated with NADH oxidase inhibition. demonstrated that inhibition of NADPH oxidase activity by diphenyleneiodonium suppressed free radical production and inhibited cell growth of B16 melanoma cells. The present study provides evidence that the mechanisms of cell growth inhibition, cell death, and DNA-damage of neosergeolide do not depend on the production of ROS. These data are consistent with our the previous report in which it was shown that the cytotoxicity of neosergeolide and another isolated quassinoid (isobrucein B) towards cancer cell lines is not related to oxidative stress . A working mechanistic model is developed based on these findings and is summarized in a schematic diagram (Figure. 8 ).
Conclusions
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The present study provided experimental evidence to support the underlying mechanism of action involved in the neosergeolide-mediated apoptosis. Taken together, the results indicated that neosergeolide is leadsing to DNA damage triggering intrinsic pathways for apoptosis induction. In aAdditionally, no antiproliferative effect or DNA damage effect of neosergeolide was evident in PBMC, which is evidence of its therapeutic potential. 
